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The static and dynamic properties of magnetic Pd/Fe~001! ultrathin film crystalline structures prepared on
GaAs~001! templates were investigated by ferromagnetic resonance ~FMR! from 10 to 73 GHz. It will be
shown that the formation of a self-assembled nanoscale network of misfit dislocations in crystalline structures
can be detected during the growth by fan-out diffraction features in reflection high electron energy diffraction.
This network of defects leads to a strong extrinsic magnetic damping. The out-of-plane measurements of the
FMR linewidth have revealed that the extrinsic damping is caused by two-magnon scattering. The contribution
to the FMR linewidth from two-magnon scattering is strongly anisotropic and follows the rectangular symme-
try of the glide planes of the misfit dislocation network. It will be shown that the observed strong anisotropy
in two-magnon scattering can be interpreted by Fourier components of magnetic defects. The angular depen-
dence of the Fourier components results in an effective channelling of scattered spin waves.
DOI: 10.1103/PhysRevB.69.184417 PACS number~s!: 75.70.2i, 76.50.1g, 81.15.Hi, 61.14.HgI. INTRODUCTION
The development of magnetic devices operating at high
frequencies requires a better understanding of processes re-
sponsible for magnetic relaxation. The spin dynamics in the
classical limit can be described by the Landau-Lifshitz-
Gilbert equation of motion:
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where m5M/M s is the unit vector in the direction of the
magnetic moment M, g5gueu/2mc is the absolute value of
the electron spectroscopic splitting factor, and a is the di-
mensionless Gilbert damping parameter. The first term on the
right-hand side represents the precessional torque in the in-
ternal field Heff and the second term represents the Gilbert
damping torque.1 The intrinsic damping in metallic ferro-
magnets is caused by spin-orbit interaction and it is de-
scribed phenomenologically by the Gilbert damping torque.2
The ferromagnetic resonance ~FMR! linewidth @half-width at
half maximum ~HWHM!# as a function of the microwave
frequency f for Gilbert damping is strictly given by
DH~ f !5a 2p f
g
. ~2!
A linear frequency dependence of DH is often satisfied in
samples with extrinsic damping.1,3 However, in this case the
extrapolated DH(0) has a nonzero value ~zero-frequency
offset!. The purpose of this paper is to demonstrate that in
lattice strained structures the spin dynamics can be strongly
affected by a self-assembled network of misfit dislocations.
It will be shown that these defects significantly increase
magnetic damping by a two-magnon scattering process. The
angular dependence of two-magnon scattering exhibits a
strong in-plane anisotropy. We will show that FMR is a tech-
nique allowing one to determine components of the Fourier
transform of magnetic defects which are relevant to magnetic
relaxation processes. The observed strong anisotropy in two-
magnon scattering originates in the magnetic defects which0163-1829/2004/69~18!/184417~10!/$22.50 69 1844have the rectangular symmetry given by the glide planes of
misfit dislocations. It will be shown that the angular depen-
dence of the q dependent two-magnon scattering intensity
results in channelling of scattered spin waves.
II. GROWTH, RHEED STUDIES
Preparation of the ultrathin film structures was carried out
by means of molecular-beam epitaxy ~MBE!. Semiinsulating
epi-ready GaAs~001! wafers ~manufactured by American
XTal Technology! were used as templates for the growth of
metallic structures. The GaAs substrates were heated to
400 °C in ultra high vacuum for 10 h in order to desorb
contaminants. Residual oxides and carbon were removed by
reactive desorption using an atomic hydrogen source at
400 °C. After 1 h of hydrogen treatment the surface contami-
nation was below the detection limit of Auger electron spec-
troscopy. Subsequent annealing up to 600 °C was monitored
using reflection high energy Electron Diffraction ~RHEED!
until a well ordered 436 reconstruction appeared. The Fe,
Pd, and Au films were grown at room temperature from a
thermal source at a base pressure less then 2310210 Torr
with a deposition rate of ;1 monolayer ~ML!/min.4 The film
thickness was monitored by a quartz crystal microbalance
and RHEED intensity oscillations, see Fig. 1~a!.
GaAs and Fe are well matched in their crystalline struc-
ture ~half of the unit cell of GaAs is 1.4% larger than the unit
cell of Fe!. The Au~001! surface in-plane lattice spacing is
closely matched to the Fe~001! template (0.5% mismatch!
when @110#Aui@100#Fe . Pd~001! has a large mismatch
~4.4%! with respect to the Fe~001! template even when
@110#Pdi@100#Fe . Au~001! grows over Pd with the in-plane
cubic axes parallel to those of Pd~001!. The Pd and Au lattice
spacings are mismatched by 4.9%. The presence of Pd in
crystalline Au/Pd/Fe~001! multilayers provides a large lattice
strain which above a critical thickness of Pd is relieved by
the formation of misfit dislocations. In this paper we present
mainly the results on ultrathin magnetic single-layer films
nPd/30Fe/GaAs~001! and Au/nPd/16Fe/GaAs~001!, where
the integers represent the number of atomic layers. n was©2004 The American Physical Society17-1
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present during the growth of all layers.
The RHEED pattern of the Au~001! layer in Au/
nPd/Fe/GaAs~001! depends on the number of Pd atomic lay-
ers, n. For n,4 the RHEED patterns of Au were the same as
those observed in Au/Fe/GaAs~001!. They were straight
RHEED streaks, see Fig. 1~b!, corresponding to a 232 re-
construction of the Au~001! surface with surfactant As.5 For
n>4 the RHEED patterns of Au~001! developed fan-out
streaks when the primary electron beam was oriented along
the ^100&Au directions, see Fig. 1~c!. For n>9 the fan-out
FIG. 1. ~a! RHHED intensity oscillations of 30 monolayers
~ML! of Fe grown on GaAs~001!. The primary electron beam en-
ergy was 10 keV. The presence of strong RHEED intensity oscilla-
tions after 4 ML indicates a good pseudo-layer-by-layer growth
where the surface roughness was confined mostly to two atomic
layers. ~b! RHEED pattern on 20 Au/16 Fe/GaAs~001! measured
with the electron beam along the @100#Au direction of Au~001!. The
real in-plane periodicity is given by the outer streaks. The streaks
between the middle streak ~zero reciprocal rod! and the outer
streaks are caused by the 232 surface reconstruction of surfactant
As. ~c! shows strong fan out RHEED features on Au~001! due to a
network of misfit dislocations in 20 Au/9 Pd/16 Fe/GaAs~001!. The
electron beam was oriented long @100#Au . Note that the RHEED
streak intensities caused by the 232 surface reconstruction are sig-
nificantly diminished in the presence of misfit dislocations indicat-
ing that the long-range order of the surfactant As deteriorated.18441streaks reached maximum intensity. Fan-out streaks are well
known in MBE epitaxy. It was shown by Pukite6 that their
presence can be related to surface clustering with a rectan-
gular symmetry.
The main diffraction features in RHEED can be described
by kinematic scattering. The intensity of diffracted beams is
determined by components of the Fourier transform,
S(kx ,ky), of surface atoms,7 where kx and ky are the in-
plane k vectors. Pukite’s analysis was based on evaluating
the surface reciprocal lattice space in the presence of ran-
domly distributed rectangular surface mesas. The mesa cells
were generated by an independent geometric distribution of
lines along the x and y in-plane coordinates parallel to the
atomic steps of mesas. The scattering intensities in this case
are given by the product of two Lorentzian functions,6
A~kx ,ky!5S*S;
b
kx
21b2
b
ky
21b2
, ~3!
where b is given by the average size of atomic terraces; b
52/^L&. The reciprocal surface scattering rods are replaced
by reciprocal space sheets oriented along the surface atomic
steps.6 Their intensities are described by Eq. ~3!, and the
electron diffraction in RHEED is given by the intersection of
the Ewald sphere with the reciprocal sheets. This leads to
simple diffraction streaks when the electron beam is oriented
along the atomic edges ~line defects!, and results in fan-out
streaks for the electron beam oriented 45° with respect to the
atomic steps; see details in Ref. 6. The atomic mesas are one
possibility leading to reciprocal sheets. Other systems with
rectangular defect distribution can lead to a similar reciprocal
space. Parallel dislocation bundles in Fe on W~001! also re-
sulted in well-defined reciprocal sheets oriented along
$100%Fe ; see Ref. 8.
Pukite’s results allow one to make the following useful
conclusion: The presence of RHEED fan-out streaks with 90°
symmetry is due to the formation of a rectangular network of
surface line defects. For the RHEED electron beam oriented
at 45° with respect to the direction of line defects the fan-out
streak pattern is symmetric and reaches its maximum inten-
sity; while along the line defects ~for angles 0 and 90°) only
simple straight streaks are present.
From the RHEED patterns in Fig. 1~c! one can conclude
that the surfaces of the Au/nPd/Fe/GaAs~001! structures with
n>9 consist of a network of line defects, which are oriented
along the ^110&Au crystallographic directions of Au~001!. J.
Woltersdorf investigated the growth of Pd on a thin foil
Au~001! template using plan view transmission electron mi-
croscopy ~TEM!,9 and showed that the strain in Pd~001! lay-
ers thicker than 4 ML is gradually relieved by the formation
of dislocation half loops. The glide due to the dislocations
creates a rectangular network of surface defect lines oriented
along the ^110&Au directions.9,10 The lattice mismatches be-
tween Pd and Au and Pd and Fe are similar, and therefore the
results of Woltersdorf’s TEM studies are relevant to the Pd/
Fe~001! layers which were employed in our structures. Re-
cent plan view TEM studies by Woltersdorf and Scholz11
clearly revealed a network of misfit dislocations, see Fig.
2~a!, and reciprocal sheets in the Pd and Au layers11 in the7-2
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laxation in Pd was further confirmed by scanning tunnel mi-
croscope ~STM! images from the top of Au~001! layer of the
same sample, 90Au/9Pd/16Fe/GaAs~001!. Figure 2~b! shows
surface steps arising from the network of misfit dislocations
half loops indicating that the atomic displacements along the
$111%Au glide planes propagate through the top Au layer.
III. FMR STUDIES
FMR experiments were carried out with the magnetic mo-
ment in the film plane ~in-plane configuration! and out-of-
plane ~out-of-plane configuration! using 10, 14, 24, 36, and
73 GHz systems.12 The external magnetic field was modu-
FIG. 2. ~a! Plan view TEM image of 90Au/9Pd/16Fe/
GaAs~001!. The arrow indicates the @110#Au crystallographic direc-
tion and the contrast with fourfold symmetry is due to the misfit
dislocation network. The inset shows the diffraction pattern where
the fourfold symmetry of defects is evident in the reciprocal sheets
along the ^110&Au directions. ~b! Ex situ STM image of 90Au/9Pd/
16Fe/GaAs~001!. The arrows along ^110&Au highlight surface steps
which are caused by dislocation glide. The rms roughness was 1 Å.
FIG. 3. Typical FMR spectra measured at 24 GHz on the 200Pd/
30Fe/GaAs~001! sample. The left spectra were taken with the mag-
netization M in the plane: Mi@100#Fe ~solid line! and Mi@110#Fe
~dotted line!. The right spectrum corresponds to the perpendicular
configuration (Mi@001#Fe). Note that the FMR linewidths in the
in-plane configuration are anisotropic, and the narrowest line is
measured in the perpendicular configuration.18441lated with an amplitude of a few oersteds at 80 Hz and a
phase sensitive detection was used to increase the signal-to-
noise ratio.12 The measured FMR lines were symmetric
Lorentzians, see Fig. 3, and their HWHM linewidth was de-
termined using Lorentzian fits.
The in-plane resonance fields and resonance linewidths
were measured as a function of the angle wH between the
external dc magnetic field H and the Fe in-plane @100#Fe
cubic axis.
The magnetic anisotropies of the 30Fe~001! layer in nPd/
30Fe/GaAs~001! and Au/nPd/16Fe/GaAs~001! are close to
those in Au/Fe/GaAs~001! systems of the corresponding Fe
thickness which are not accompanied by a misfit dislocation
network.5 The easy axes of the 30Fe layer are along the
^110&Fe directions due to the uniaxial anisotropy originating
at the GaAs interface.5 The striking difference between
samples with a thick Pd layer in nPd/Fe/GaAs~001!, n
>130, and those with n<110 was in magnetic damping.
The Fe layers in nPd/Fe/GaAs~001! structures with n<110
have shown only Gilbert damping which was enhanced by
spin pumping of the precessing magnetization of the Fe layer
and the spin sink inside the Pd layer.13,5 The FMR linewidth
in nPd/Fe/GaAs~001! samples with n>130 was different. In
these samples the FMR linewidth was strongly dependent on
the angle wM between the magnetization and the crystallo-
graphic ^100&Fe axes, showing a distinct fourfold symmetry,
see Fig. 4. The minima and maxima in DH are along the
^110&Fe and ^100&Fe crystallographic directions, respectively.
It is interesting to note that DH(wM) has no twofold sym-
metry. This implies that the chemical bonding between Fe
and the uniaxial dangling bonds of GaAs at the Fe/
GaAs~001! interface plays no role in the formation of mag-
netic defects by the network of misfit dislocations.
The FMR linewidth as a function of microwave frequency
also changed in a very pronounced way. The frequency de-
pendence of the FMR linewidth, DH( f ), along the ^100&Fe
and ^110&Fe directions is shown in Fig. 5. Along the ^110&Fe
~easy magnetic axes! and ^11¯0&Fe ~hard magnetic axes!, the
FIG. 4. The ferromagnetic resonance linewidth for the 200Pd/
30Fe/GaAs~001! film at 73 (.), 36 (d), and 24 (.) GHz as a
function of the in-plane angle wM between the magnetization and
the @100#Fe axis. The angles wM were calculated from wH using the
magnetic anisotropies and applied field. Dotted lines indicate the
linewidth due to intrinsic damping at 73, 36, and 24 GHz.7-3
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dependent on the microwave frequency, but accompanied by
a zero-frequency offset DH(0)550 Oe. However, the slope
is close to that corresponding to the intrinsic Gilbert damping
obtained in samples without extrinsic damping. The Gilbert
damping includes the contribution from spin pumping into a
100Pd~001! cover layer.14 The results are quite different for
the FMR measurements with the saturation magnetization
along the ^100&Fe directions. One has to realize that for the
30 ML thick Fe film the ^100&Fe directions are neither easy
nor hard magnetic axes, and therefore one is not able to
avoid dragging of the magnetization behind the applied ex-
ternal field at FMR. The FMR linewidth was determined by
first finding the in-plane direction of the external field H
which leads to Mi^100&Fe at FMR. The open circles in Fig. 5
show the measured linewidth. However, dragging the mag-
netization behind the external field results in additional FMR
line broadening. This effect is particularly present at low
frequencies, because the FMR fields are comparable to the
in-plane uniaxial anisotropy field. The dragging is nearly ab-
sent at and above 24 GHz. In order to remove the dragging
contribution the FMR linewidth was evaluated in the follow-
ing manner: FMR peaks are calculated using the magnetiza-
tion dragging, and the effective Gilbert damping (aeff) is
adjusted in such a way that the total DH is equal to that
FIG. 5. The frequency dependence of the FMR linewidth for the
200Pd/30Fe/GaAs~001! structure along the ^110&Fe (.) and
^100&Fe (d) directions, respectively. (s) show DH along ^100&Fe
before the dragging contribution to the linewidth was removed ~see
further details in the text!. The purpose of the solid line spline fit is
to guide the reader’s eye. The dashed line shows the frequency
dependence of the intrinsic FMR linewidth ~Gilbert damping! ob-
tained by using the 100 Pd/30Fe/GaAs~001! sample with no mag-
netic defects in Fe. The spin pumping contribution in 100 Pd/30Fe/
GaAs~001! to DH was already saturated Ref. 14. > symbols on the
dashed line show the FMR linewidth in the perpendicular configu-
ration at 10 and 24 GHz for the 200Pd/30Fe/GaAs~001! sample.
Note that > are right on the dashed line indicating that in the
perpendicular configuration the FMR linewidth DH is only given
by the Gilbert damping (a50.006) with no zero-frequency offset
@DH(0)’50# . The dotted lines indicate the range of microwave
frequencies where the slope of DH( f ) is close to that expected from
the Gilbert damping. Note that the dotted lines have zero-frequency
offsets.18441observed experimentally ~open circles!. Then the FMR line-
widths without the dragging contribution are obtained by us-
ing the effective Gilbert damping @DH5(2p f /g)aeff# .
These are shown in the filled points in Fig. 5. Now one can
discuss the data. First, the dependence on the microwave
frequency is not described by a simple linear dependence as
expected for Gilbert damping. Second, the slope of the FMR
linewidth is close to that expected for the intrinsic damping
only between 36 and 73 GHz, but DH(0)5160 Oe is sig-
nificantly increased compared to the ^110&Fe orientations.
Third, below 36 GHz the frequency dependence of DH
shows a clear downturn. In fact the frequency dependence
for the ^100&Fe orientations resembles the recent calculations
by Arias and Mills15 of extrinsic damping by two-magnon
scattering. A similar frequency dependence of DH was found
recently by Twisselmann and McMichael16 for Permalloy
~Py! films grown on NiO and Lindner et al.17 in Fe/V super-
lattices.
The above increase of the FMR linewidth was found in a
large number of samples involving a lattice mismatched
layer of Pd. A comparable FMR line broadening was ob-
served in the following Fe layers ~highlighted in bold!:
90Au/nPd/16Fe/GaAs~001! and 20Au/Fe/40Au/
nPd/Fe/GaAs~001! with n>9. The samples have one in
common. The extrinsic damping is triggered by lattice de-
fects which are caused by a misfit dislocation network. The
onset of two-magnon scattering requires a critical thickness
of Pd which depends on where the Fe layer is located. For
the Fe layer deposited on the Pd spacer the critical thickness
for the onset of two-magnon scattering is equivalent to the
critical thickness for the formation of misfit dislocations in
Pd, n>4 found in Pd/Au systems.9 In the Fe layer directly
grown on GaAs~001! the formation of magnetic defects re-
quires either a thick Pd layer (n.130) or a combination of a
thin Pd (n>9) and a thick Au layer (.70), e.g., 90Au/9Pd/
16Fe/GaAs~001! or 200Pd/30Fe/GaAs~001!. In all samples
the strength of the two-magnon scattering was found nearly
independent of the thickness of Fe implying that the two-
magnon scattering is a bulk effect in the studied range of Fe
thicknesses ~10–40 ML!. This behavior is expected in good
crystalline films; once the dislocation half loops are gener-
ated they propagate along the $111%Pd glide planes and are
only stopped either by the film surface ~Fe grown on Pd! or
by the GaAs/Fe interface ~Fe grown on GaAs!. The extrinsic
damping in these magnetic double layers exhibited similar
qualitative and quantitative behavior. Since in magnetic bi-
layers the spin pumping affects the angular dependence of
the FMR linewidth due to accidental crossovers of the reso-
nance fields13 we limit our presentation to a single magnetic
layer in 200Pd/30Fe/GaAs~001!.
IV. TWO-MAGNON SCATTERING
Two-magnon scattering provides a simple model for de-
scription of extrinsic damping in FMR. In this case inhomo-
geneous magnetic properties generate scattering of the reso-
nant mode ~uniform mode with q;0) into nonuniform
modes (qÞ0 magnons!. Two-magnon scattering has been
extensively used to describe extrinsic damping in7-4
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metallic films.23 In this section we will summarize only those
features of two-magnon scattering which are essential for the
discussion of our results.
The two-magnon scattering matrix is proportional to com-
ponents of the Fourier transform of magnetic inhomogene-
ities A(q)5*drDU(r)e2iqr, where U(r) stands symboli-
cally for a local anisotropy energy. The magnon momentum
is not conserved in two-magnon scattering due to the loss of
translational invariance, but the energy is conserved. In ul-
trathin films the magnon q vectors are confined to the film
plane and the magnon energies are given by the dispersion
relation which can be found in Ref. 24. For the in-plane
orientation the magnon energy with q parallel to the satura-
tion magnetization decreases its energy with increasing q and
eventually due to the effective exchange field crosses the
energy of the homogeneous mode at q5q0. This means that
the magnon with the wave vector q0 is degenerate with the
homogeneous mode and can be involved in two-magnon
scattering. The value of q5q0 decreases with increasing
angle c between the q vector and the saturation magnetiza-
tion. No degenerate modes are available for the angle c
larger than24
cmax5arcsinS HH14pM e f f D
1/2
, ~4!
where H is the field at FMR and 4pM e f f is the effective
demagnetizing field perpendicular to the film surface.
Two-magnon scattering is confined to degenerate mag-
nons following the path of lobes, q0(c), around the direction
of the magnetic moment, see Fig. 6.
The two-magnon scattering formally enters the in-plane rf
susceptibility24 as an additional term R ~mass operator! in the
denominator,
FIG. 6. The black lines show the lobes of degenerate magnons
calculated for 73 GHz ~big lobes! and 24 GHz ~small lobes!. The
background is a contour plot of the in-plane Fourier components
from Eq. ~3!. The lobes are shown for Mi@100#Fe and Mi@110#Fe .
Note that Pukite’s type of I(q), which is even scaled to produce
anisotropic behavior for small q vectors ~large ^L&), would result
using Eq. ~6! only in a weak anisotropy of the FMR linewidth.18441x uu5
M sB
Be f fH2S vg D
2
1i~H1B !a
v
g
1@Re~R !1iIm~R !#
,
~5!
where Be f f5H14pM e f f is the effective induction, and in-
plane anisotropies are neglected for simplicity. The real part
Re(R) leads to a shift in the FMR field and the imaginary
part Im(R) provides additional damping. Re(R) and Im(R)
have to satisfy the symmetry of magnetic inhomogeneities.
In a rectangular network of misfit dislocations one expects to
get additional two and fourfold anisotropies affecting both
the FMR field and magnetic damping. In addition both
Re(R) and Im(R) are dynamic effects and in general depen-
dent on the microwave frequency. This leads to an important
conclusion: Magnetic anisotropies measured by FMR can in-
clude frequency-dependent terms which are absent in dc
measurements.
The strength of two-magnon scattering in damping as a
function of the angle wM of the magnetization with respect to
the in-plane crystallographic axis can be tested by evaluating
the expression Im(R). Using the above concept of Fourier
components of magnetic inhomogeneities one can write
Im@R~wM !#;E I~q!d~v2vq!dq3
52E
2cmax
cmax
I~q0 ,w ,wM !
q0dc
]v
]q ~q0 ,c!
, ~6!
where I(q) represents the effective intensity of two-magnon
scattering, and w5wM1c is the angle of the q vector with
respect to @100#Fe ~defect! axis. The magnon group velocity
]v/]q(q0 ,c) in Eq. ~6! is proportional to the strength of the
dipolar and exchange fields and represents the dipole-
exchange narrowing of local inhomogeneities.18 The expres-
sion q0 /(]v/]q)(q0 ,c) describes a weighting parameter
along the path of two-magnon scattering lobes q(c). It turns
out that for a given microwave frequency this factor is nearly
independent of c . This means the whole two-magnon scat-
tering lobe contributes to Im(R) with an equal weight inde-
pendent of the angle c . An exception is the q space close to
the origin of the reciprocal space. One has to realize that
long-wavelength ~small q) variations in magnetic properties
can lead to a simple superposition of local FMR peaks. The
extrinsic FMR linewidth in this case merely reflects large
length scale sample inhomogeneities and should not be
treated by two-magnon scattering. Twisselmann and
McMichael16 concluded that the FMR linewidth is given by
a superposition of local resonances when the characteristic
inhomogeneity field is larger than interaction field.25 In the
range of long-wavelength defects the important part of the
interaction field is the magnetostatic contribution 2pM sqd
to the magnon energy dispersion, where d is the film thick-
ness. Therefore the FMR spectrum is given by a simple su-
perposition of local FMR peaks when
HpD>3pM sd , ~7!7-5
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of a local anisotropy field satisfying a Gaussian distribution
and D is the corresponding average grain size; see Fig. 4 in
Refs. 26. The summation of local FMR signals can result in
a genuine zero-frequency offset DH(0); see Ref. 26.
The critical angle cmax decreases with an increasing angle
uM of the magnetization with respect to the sample plane.
For uM>p/4 no degenerate magnons are available.27 The
angle uH satisfying uM>p/4 has to be calculated by mini-
mizing the total magnetic energy. For the 200Pd/30Fe/GaAs
sample this angle was 78° at 24 GHz; see Fig. 9. This is an
important criterium allowing one to test the applicability of
two-magnon scattering in the interpretation of extrinsic
damping. DH from the extrinsic damping has to disappear
FIG. 7. The ferromagnetic resonance field as a function of the
angle uH between the sample plane and the applied field H mea-
sured at 24 GHz. The the magnetic field was rotated in the (001)
plane. The parameters required to fit the data are as follows:
4pM e f f520.6 kG; 2K1uu/M s5330 Oe; 2KUuu /M s52360 Oe;
2K1
’/M s52350 Oe, where the individual terms describe effective
demagnetizing field, fourfold in-plane, uniaxial in-plane, and four-
fold perpendicular anisotropy fields, respectively. g52.02 is the g
factor accompanying the gyromagnetic ratio g . The dashed line
shows the fit obtained by fixing 4pM e f f , 2K1
uu/M s , 2KU
uu /M s , and
g factor to the values from the in-plane FMR measurements, see
Fig. 10. The only adjustable parameter was 2K1’/M s52700 Oe.
FIG. 8. Measured ferromagnetic resonance linewidth DHm as a
function of uH at 24 GHz. The dots represent the measured data and
the dashed line represents the FMR linewidth DHG(u) that was
calculated using the Gilbert damping from the perpendicular con-
figuration. The peak in the FMR linewidth for u578° is caused by
dragging the magnetization behind the applied field.18441when the external field is applied in the vicinity of the film
normal. It is interesting to note that the weighing parameter
q0 /(]v/]q)(q0 ,c) is nearly independent of uM . It some-
what increases very close to the critical angle uM5p/4
where the two-magnon scattering is switched off.
V. DISCUSSION OF FMR LINEWIDTH
The dependence of the FMR field and linewidth on the
angle uH between the dc magnetic field and the sample plane
is shown in Figs. 7 and 8.
The results of measurements of DH as a function of uH ,
see Fig. 8, shows that the damping decreases significantly in
vicinity of the perpendicular configuration. In fact, the mea-
sured DH in the perpendicular configuration at 10 and 24
GHz was given exactly by the intrinsic damping; see Figs. 3,
5, and 8.
The strength of two-magnon scattering as a function of uH
is usually expressed in terms of the adjusted frequency
linewidth22
Dv
g
5S dvdH DDHext~uH!, ~8!
where dv/dH5@v(H1DH ,u1Du)2v(H ,u)#/DH using
the FMR condition for the resonance frequency which in-
cludes the in-plane and out-of-plane magnetic anisotropies. It
is more convenient to calculate dv/dH by picking Dv and
evaluating the corresponding change in DH and Du satisfy-
ing the resonance condition. The difference between the
measured linewidth DHm(uH) and the predicted linewidth
DHG(uH) using the intrinsic Gilbert damping determines the
contribution arising from the extrinsic damping, DHext(uH)
5DHm(uH)2DHG(uH).
The dots in Fig. 9 show that the angle uM at which the
two-magnon contribution rapidly disappears is in excellent
agreement with the theoretical prediction of p/4. This be-
havior was found in all samples which were affected by the
network of misfit dislocations.
Figure 8 shows convincingly that the FMR linewidth in
the vicinity of the perpendicular configuration is given en-
FIG. 9. (d) represent the adjusted frequency FMR linewidth
Dv/g from the extrinsic contribution as a function uH at 24 GHz.
The solid line shows the angle of magnetization uM as a function of
uH . The dashed line shows the critical angle cmax as a function
uH . Notice that cmax describes the angular dependence of Dv/g
quite well. cmax was scaled in order to compare it with Dv/g .7-6
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tion of uH remains nearly constant until the direction of the
magnetic moment is in vicinity of p/4 where it abruptly
collapses to zero; see Fig. 9.
It follows that the extrinsic damping generated by a self-
assembled network of misfit dislocations can be described by
the two-magnon scattering mechanism. Since the angular de-
pendence of Dv(uH)/g is traced well by cmax(uH) one can
conclude that the two-magnon scattering intensity I(q,uH) is
only weakly dependent on uH @see Fig. 9 and Eq. ~6!#.
The presence of a marked difference in the magnetic pa-
rameters which were required for fitting the angular depen-
dence of the FMR field in the parallel and perpendicular
configurations, see Figs. 7 and 10, requires a brief explana-
tion. The reason for this discrepancy can be found in Fig. 8.
Two-magnon scattering affects the FMR linewidth most
strongly when the resonance field increases rapidly with in-
creasing uH . One can expect that in this range of uH the
corresponding Re(R) term is also strongly present. This
leads to a noticeable shift in the resonance field compared to
that expected using the intrinsic ~dc! magnetic anisotropies.
The curvature of the FMR field as a function of uH in Fig. 7
is very sensitive to the g factor. The change in this curvature
due to the contribution of Re(R) requires to fit the data with
a different value of the g factor compared to that correspond-
ing to the intrinsic magnetic properties. An artificially low
value g52.02 that was required to fit the curvature in Fig. 7
consequently affected the value of 4pM e f f needed to fit the
parallel configuration (uH50). Two-magnon scattering also
FIG. 10. The ferromagnetic resonance ~FMR! fields for the
30Fe layer in 200Pd/30Fe/GaAs~001! as a function of the in-plane
angle wH , where wH50 corresponds to the @100#Fe direction. Mea-
surements were carried out at 73 (>), 36 (s), 24 (,), and 14
(h) GHz. The solid lines were calculated using the following pa-
rameters: The effective demagnetizing field 4pM e f f518.7 kG, in-
plane uniaxial field 2Ku
uu/M s52360 Oe, fourfold in-plane anisot-
ropy field 2K1
’/M s5330 Oe, and the spectroscopic g factor, g
52.11. The uniaxial in-plane anisotropy has its hard axis along the
@11¯0#Fe direction. With these parameters the agreement between
the measured and calculated FMR fields along ^110&Fe was within
10 Oe for all frequencies. This agreement noticeably deteriorated
for the field applied along ^100&Fe where the discrepancy was of the
order of 100 Oe. One is not able to get a perfect fit for all micro-
wave frequencies by using one set of parameters indicating that the
magnetic anisotropies are partly frequency dependent.18441affected the FMR field in the parallel configuration. Al-
though in this case the contribution of two-magnon scatter-
ing to the FMR field is not as strong, and therefore the de-
viations from a simple fitting @ignoring frequency dependent
Re(R)] are not as vivid. However even in the parallel con-
figuration we were not able to fit the data at all microwave
frequencies with the same set of parameters, see Fig. 10. In
fact the FMR data in the parallel configuration were fit quite
well by assuming a partly frequency dependent in-plane
fourfold anisotropy K1
uu
. 2K1
uu/M s changed from 305 Oe at 14
GHz to 390 Oe at 73 GHz. This is exactly what one should
expect, the two-magnon scattering in a rectangular network
of misfit dislocations has to satisfy the in-plane fourfold
symmetry which leads to a frequency dependent fourfold
anisotropy given by the anisotropic contribution of Re(R).
The two-magnon scattering in samples with a self-
assembled network of misfit dislocations showed a very pro-
nounced fourfold in-plane dependence on the angle wM be-
tween the saturation magnetization and the crystallographic
axis; see Fig. 4. At the same time the functional form of the
fourfold anisotropy is dependent on the microwave fre-
quency. These striking features require in depth discussion.
In ultrathin films the Fourier components of magnon scat-
tering are restricted to the in-plane q vectors and this is com-
mon to Pukite’s analysis of RHEED diffraction of surface
defects. Consequently, one could consider Pukite’s in-plane
Fourier components for the interpretation of our results. Al-
though one should realize that there are crucial differences.
q0 in two-magnon scattering is small, just of ;6
3105 cm21 at 73 GHz and ;13105 cm21 at 14 GHz for a
30 ML thick Fe film. This means that two-magnon scattering
is sensitive mostly to the reciprocal space of low q vectors.
In RHEED large k vectors, which are comparable to the
reciprocal space of the lattice, are important. However there
is even a more profound difference: In magnetism defects
can be accompanied by some angular dependent anisotropy.
This means that the two-magnon scattering intensity can
have an explicit dependence on the direction of the magne-
tization with respect to the symmetry axis of magnetic de-
fects. This case was recently addressed by Lindner et al.17.
They observed an anisotropic extrinsic damping @measured
along the ^100& and ^110& axes# for Fe/V superlattices. No
detailed dependence of the FMR linewidth as a function of
wM was shown. It was assumed that defects were caused by
surface steps. By using a simple argument based on the an-
gular dependence of the uniaxial anisotropy they concluded
that a rectangular distribution of interface steps results in
two-magnon scattering with an anisotropic DH having a
cos2(2wM) dependence. This way the difference in DH along
^100& and ^110& was explained. This argument can be ap-
plied to our system of defects ~rectangular network of misfit
dislocations!. However, this is not the only part which is
dependent on the angle with respect to the crystallographic
axes. The Fourier components of the scattering intensity
have to include two parts. One is explicitly dependent on the
angle wM and the other on the wave vector q,
I~q,wM !5Q~q!cos2~2wM !. ~9!7-7
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In our case this is an isotropic contribution which depends
only on the magnitude of q. In this case one can write
I~q,wM !5Q~q!cos2~2wM !1Y ~q !. ~10!
The Y (q) term corresponds to random distribution of de-
fects. Q(q) has to satisfy the symmetry of defects. The lat-
tice defects in crystalline samples are correlated with crys-
tallographic axes and consequently Q(q)5Q(q ,w), where w
is the angle between q and the @100#Fe defect axis. It turns
out that Q(q) is essential for getting the correct angular de-
pendence of DH(wM) at various microwave frequencies.
Q(q ,w) can be expected to be related to the average sepa-
ration of misfit dislocations. The average separation of misfit
dislocations is ;10–20 nm corresponding to a Fourier com-
ponent q;13106 cm21. In magnetic scattering one has to
consider the exchange coupling within the ferromagnetic
film. Lateral inhomogeneities on the scale of 10–20 nm cre-
ate large exchange fields that significantly average out the
lateral variations of the magnetic anisotropy. This means that
the defect length scale of 10–20 nm does not have to be
directly applicable to the discussion of two-magnon scatter-
ing.
In order to explain the angular dependence of the two-
magnon scattering in our samples one has to address directly
the FMR results.
The filled stars in Fig. 5 show DH( f ) for ^110& . DH( f )
has a linear dependence on microwave frequency f with the
slope corresponding to Gilbert damping and a modest
DH(0) i . DH(0) i can be caused by long range inhomogene-
ities ~superposition of local FMR lines! and an isotropic term
Y (q) in the scattering matrix I(q) @see Eq. ~10!#. If one
assumes a genuine DH(0) i one has to ask why those long-
wavelength inhomogeneities were not observed in the per-
pendicular FMR configuration. Long wave length inhomoge-
neities of the in-plane uniaxial anisotropy would result in
DH(0)’ . It would be ; 12 DH(0) i and detectable. The ab-
sence of DH(0)’ can be explained by having an inhomoge-
neous in-plane fourfold anisotropy. It would contribute to
DH(0) i but not to DH(0)’ . In the perpendicular FMR K1i
contributes to the free energy with the fourth power in the rf
magnetization components and therefore drops out from the
resonance condition. One should point out that the perpen-
dicular fourfold anisotropy K1
’cos4(uM) is much stronger, see
caption of Fig. 7, and if inhomogeneous would result in
DH(0)’ . The absence of DH(0)’ would suggest that K1’ is
very homogeneous. This is hard to believe considering that
K1
’ is mainly caused by defects. In fact it is bigger and has
the opposite sign compared to K1
i
. Inhomogeneity in K1
i can
also result in an angular dependence of DH(0) i and would
follow an eightfold symmetry. It should disappear when the
magnetization is oriented half way between ^100&Fe and
^110&Fe where the fourfold anisotropy field is zero. There is
some evidence for this behavior in Fig. 4 at 24 GHz. How-
ever the two additional shallow minima around the ^110&Fe
directions indicate that this effect is very weak. This leads to
the second possibility which is based on the presence of
Y (q). The linear slope of DH( f ) was given by the Gilbert18441damping and therefore the two-magnon contribution was
constant between 10 and 73 GHz. This implies that the two-
magnon scattering approaches zero only below 10 GHz. A
gradual approach to zero in two-magnon scattering below 10
GHz was observed by Twisselmann and McMichael in Py/
NiO samples.16 The constant two-magnon scattering above
10 GHz in these samples can be accounted for by the q
dependence of Y (q).
Our further analysis will be carried out for the angular
dependent part of two-magnon scattering. In this paper we
tried to determine the main features responsible for the ob-
served two-magnon scattering taking into account the above
constraints. Our main emphasis was placed on explaining the
in-plane angular dependence of the FMR linewidth and its
frequency dependence. A pronounced angular dependence is
due to the explicit dependence @cos2(2wM)# of the scattering
matrix on the angle wM . One needs to find Q(q) that ac-
counts for the measured angular dependence DH(wM) at
various microwave frequencies. Q(q) has to satisfy the sym-
metry of the lattice defects. We used the following ansatz:
Q~q ,w!5cos4~2w!. ~11!
No dependence on q was assumed at this point. The angular
dependence of DH2mag was evaluated by using the following
simple expression:
DH2mag5
Im@R~wM !#
2H14pM e f f
. ~12!
This equation accounts only partly for the elliptical polariza-
tion at FMR for the parallel configuration. No explicit depen-
dence of Im(R) on the elliptical polarization was considered.
A simple evaluation of DH2mag using Eq. ~6! explains our
experimental results quite well, compare Figs. 4 and 11. The
calculations result in a big anisotropy. It is interesting to note
that one does not have to rescale the I(q,wM) ansatz for each
microwave frequency in order to get a reasonable quantita-
FIG. 11. Calcultated ferromagnetic resonance linewidth at
73 (.), 24 (d), and 14 (.) GHz as a function of the in-plane
angle wM . Where wM50 corresponds to the @100#Fe direction of
Fe. The calculations were carried out using I(q,wM)
5Q(q)cos2(2wM), where Q(q) is given by Eq. ~11!. Dotted lines
indicate the linewidth due to intrinsic damping at 73, 36, and
24 GHz.7-8
TWO-MAGNON SCATTERING IN A SELF-ASSEMBLED . . . PHYSICAL REVIEW B 69, 184417 ~2004!tive agreement between the calculated and measured
DH(wM). The measured angular dependence of DH(wM) is
sinusoidal at 73 GHz. At lower frequencies the curvature
around the maxima is bigger than around the minima. This
feature is quite pronounced at 24 GHz. All these features are
well reproduced in the calculations; compare Figs. 4 and 11.
The good agreement between the experimental results and
calculations for DH(wM) allows one to make the following
observation. The integration along the lobes, see Fig. 12,
shows that the scattered magnons are propagating preferen-
tially along the ^100&Fe crystallographic directions. This
means that the two-magnon scattering by defects from the
network of misfit dislocations leads to channelling of mag-
nons.
In this paper we do not attempt to carry out more detailed
comparisons between the two-magnon scattering model and
experiment. The relaxation term R would have to be evalu-
ated using Kubo formalism in order to account for the ellip-
ticity of the rf polarization in the in-plane configuration.
Such a detailed analysis will allow further refinement of
Q(q,w). These calculations will be carried out in a separate
paper where the full theory of two-magnon scattering is em-
ployed.
The angular dependent extrinsic damping created by a
rectangular network of defects appears to be a common phe-
nomenon. It was observed in our previous studies using the
metastable bcc Ni/Fe~001! bilayers grown on Ag~001!
substrates,28 and Fe~001! films grown on bcc Cu~001!.29 In
the Ni/Fe bilayers after depositing 3 ML of Ni the structure
went through a major structural change going towards the
stable fcc phase of Ni~001!. That resulted in a network of
rectangular lattice defects perhaps similar to those observed
by Wulfhekel et al.8 In this case not only the magnetic damp-
ing developed a large anisotropy, but even the in-plane four-
fold anisotropy field was enhanced to several kOe which is
FIG. 12. The two-magnon scattering lobes at 24 and 73 GHz in
the q space of the magnetic scattering intensity Q(q ,w) given by
Eq. ~11!. The dashed lines are a contour map of Eq. ~11!. Note that
the orientation of lobes ~magnetization! affects the angular depen-
dence of FMR linewidth caused by the misfit dislocation network.
When the lobes are oriented close to ^110&Fe they have a weaker
contribution than those oriented close to ^100&Fe .18441significantly above that corresponding to cubic bulk Fe ~0.5
kOe!. Coercive fields of several hundred oersteds were
reached due to the presence of the enhanced anisotropy and
lattice defects and the enhancement was dependent on the Ni
film thickness.30 The angular dependence of the FMR line-
width indicated that the defect lines were oriented along the
^100& axes of Fe~001!. Bcc Cu~001! layers grown on
Ag~001! substrates are another example of such behavior. In
this case the bcc Cu~001! layer went through a lattice trans-
formation after the thickness of the Cu layer was larger than
10 ML. Again a strong anisotropy in DH was observed for
the Fe~001! films grown on the lattice transformed Cu~001!
substrates. The angular dependence indicated that the defect
lines in the Cu~001! layers and the symmetry axes of mag-
netic defects in Fe~001! were along the ^100& crystallo-
graphic directions of Fe~001!. However, in these samples no
significant enhancement of the in-plane fourfold anisotropy
was found. Recently we also observed this type of two-
magnon scattering in Heusler alloy NiMnSb~001! semimetal
films grown on InP~001! by the Molenkamp group.31,32 In
this case DH due to two-magnon scattering surpassed the
intrinsic linewidth by a factor of 10.
VI. CONCLUSIONS
FMR studies were carried out on lattice strained Au/Pd/
Fe/GaAs~001! and Pd/Fe/GaAs~001! structures. It has been
shown that the lattice strain in Pd is relieved by a self-
organized rectangular network of misfit dislocations which
have an average separation of ;10–20 nm. The network of
misfit dislocations is revealed by fan-out RHEED streak pat-
terns in the Au~001! layers. The lattice defects driven by the
dislocation network resulted in strong two-magnon scatter-
ing. The observed strong anisotropy of the two-magnon scat-
tering with respect to the in-plane orientation of the magne-
tization originates in uniaxial magnetic anisotropies
associated with glide planes of the misfit dislocations. Con-
sequently the fourfold rectangular network of misfit disloca-
tions results in two magnon scattering proportional to
cos22wM . The two-magnon scattering was found indepen-
dent of the Fe film thickness. This implies that the glide due
to the misfit dislocation network propagates right through the
whole multilayer structure and associated magnetic defects
represent bulk properties. RHEED fan-out streaks and two-
magnon scattering have shown a strong in-plane angular de-
pendence. Their angular dependence satisfies the symmetry
of the lattice defects. The angular dependence of two-
magnon scattering was discussed by using the intensities of
the Fourier transform of magnetic defects. We were able to
demonstrate that the measurements of the FMR linewidth as
a function of the angle of the saturation magnetization with
respect to the crystallographic axes and microwave fre-
quency allow one to determine the main features of the mag-
netic scattering intensities in the range of small q vectors.
The required angular dependence of the q dependent scatter-
ing intensity, Q(q), results in channelling of scattered spin
waves. Two-magnon scattering also leads to additional
anisotropies which are dependent on the microwave fre-
quency. The magnetic anisotropies created by the two-7-9
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locations resulted ~using constant magnetic anisotropies in
the interpretation of the out-of-plane FMR measurements! in
an unrealistic g factor and effective demagnetizing field
4pM e f f .
Our extensive FMR studies have shown that the presence
of angular dependent damping and frequency dependent
anisotropies is in general a ‘‘smoking gun’’ indicating lattice
defects. In all our studies we have not found any in-plane
angular dependent damping that would be of intrinsic origin.
In fact, our interpretation of the anisotropic FMR linewidth
in 20Au/30Fe/40Au/4Pd/@Pd/Fe#5/16Fe/GaAs~001! and Au/
30Fe/40Au/9Pd/16Fe/GaAs~001! structures by an aniso-
tropic Stoner enhancement factor in spin pumping33–35 was
incorrect. In both structures the anisotropic part of the FMR
linewidth was caused by the two-magnon scattering mecha-
nism described above.184417ACKNOWLEDGMENTS
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